Abstract-This paper presents a study in which an attempt has been made to improve the quality characteristic (shrinkage) of an injection molding product (plastic tray) made from blends plastic (75% polypropylene (PP) and 25% low density polyethylene (LDPE)) by optimizing the injection molding parameters using the Taguchi method. The performance of the plastic trays is evaluated in terms of its shrinkage behavior. An orthogonal array (OA), main effect, signal-to-noise (S/N) ratio and analysis of variance (ANOVA) are employed to analyze the effect of injection molding parameters on the shrinkage behavior of the product. The analysis of the results shows that the optimal combination for low shrinkage are low melting temperature, high injection pressure, low holding pressure, long holding time and long cooling time. Using Taguchi method for design of experiment (DOE), other significant effects such as interaction among injection molding parameters are also investigated.
I. INTRODUCTION
Products made from plastic range from sophisticated products, such as prosthetic hip and knee joints, to disposable food utensils. One of the reasons for enormous popularity of plastics in a wide variety of industrial applications is the tremendous range of properties exhibited by plastics and their ease of processing [1] . Injection moulding is the most important method for manufacturing varieties of plastic components. It is based on the ability of thermoplastic materials to be softened by heat and to harden when cooled [2] . The injection moulding is conceptually simple. In the process of producing plastic tray, the plastic in the form of pellets or granules is melted and then forced into the cavity of a closed mold which gives shape to the plastic. After sufficient time for plastic to solidify (usually by cooling), the mold is opened and the part is ejected from the mould and the mold is closed again to repeat the cycle [3] . The process parameters such as injection speed, injection pressure, holding pressure, melting temperature, holding time, cooling time and etc. need to be optimized in order to produce finished plastic parts with good quality. Various studies have been carried out to improve or to optimise the quality characteristic so as to produce high quality commercial plastic product on injection moulding machine [4] - [7] . However, most of the researchers did not consider the effect of interaction between parameters on the quality characteristic of the products although, it could be quite significant.
This paper attempts to describe the optimisation of the injection moulding process parameters for optimum shrinkage performance of a plastic tray which is made from polymer blends or polyblends. The concept of physically blending two existing polymers is used to obtain new products or for problem solving as suggested by Jones & Ellis (1986) [8] . This study has purposely used a blend of 75% polypropylene (PP) and 25% low density polyethylene (LDPE) in order to obtain new product that may contribute to make the recycling more economically attractive and to improve the impact strength [9] & [10] . The study presented in this paper was divided into two stages: In the first stage, the effect of six injection moulding parameters namely injection speed, melting temperature, injection pressure, holding pressure, holding time and cooling time on shrinkage of plastic tray was investigated to obtain significant parameters. In the second stage, effect of five significant parameters namely melting temperature, injection pressure, holding pressure, holding time and cooling time and two interactions: between melting temperature and injection pressure, between injection pressure and holding pressure was explored to determine optimal combination of parameters for low plastic tray shrinkage. In the following, the Taguchi method and method for obtaining optimal combination of parameters are discussed.
II. THE TAGUCHI APPROACH
The quality engineering method proposed by Taguchi is commonly known as the Taguchi method or Taguchi approach. His approach provides a new experimental strategy in which a modified and standardized form of design of experiment (DOE) is used. In other words, the Taguchi approach is a form of DOE with special application principles. This technique helps to study effect of many Application of Taguchi Method in the Optimization of Injection Moulding Parameters for Manufacturing Products from Plastic Blend S. Kamaruddin, Zahid A. Khan and S. H. Foong factors (variables) on the desired quality characteristic most economically. By studying the effect of individual factors on the results, the best factor combination can be determined [11] . Taguchi designs experiments using specially constructed tables known as "orthogonal array" (OA). The use of these tables makes the design of experiments very easy and consistent [12] and it requires relatively lesser number of experimental trials to study the entire parameter space. As a result, time, cost, and labour saving can be achieved. The experimental results are then transformed into a signal-to-noise (S/N) ratio. Taguchi recommends the use of the S/N ratio to measure the quality characteristics deviating from the desired values. Usually, there are three categories of quality characteristic in the analysis of the S/N ratio, i.e. the-lower-the-better, the-higher-the-better, and the nominal-the-better. The S/N ratio for each level of process parameters is computed based on the S/N analysis. Regardless of the category of the quality characteristic, a greater S/N ratio corresponds to better quality characteristics. Therefore, the optimal level of the process parameters is the level with the greatest S/N ratio. Furthermore, a statistical analysis of variance (ANOVA) is performed to see which process parameters are statistically significant. With the S/N and ANOVA analyses, the optimal combination of the process parameters can be predicted. Finally, a confirmation experiment is conducted to verify the optimal process parameters obtained from the parameter design.
III. OPTIMIZATION OF PLASTIC INJECTION MOULDING PARAMETERS WITHOUT CONSIDERING THE INTERACTION EFFECT
A. Selection of the injection moulding parameters and their levels Plastic injection moulding experiments were carried out on a Battenfeld TM750/210 machine. The feasible space for the moulding parameters was defined by varying the injection speed in the range 80 -90 rpm (%), the melting temperature in the range 220 -240 °C, the injection pressure in the range 100-120 bar, the holding pressure in the range 80 -96 bar, the holding time in the range 5 -10 sec and the cooling time in the range 5 -10 sec. Most of these ranges were selected in light of the data available in the literature, machine technical data, and plastics injection moulding handbooks. Two levels of the first parameter and three levels each of the other five parameters were selected as shown in Table 1 . 
B. Selection of Orthogonal array
The selection of an appropriate orthogonal array (OA) depends on the total degrees of freedom of the parameters. Degrees of freedom are defined as the number of comparisons between process parameters that need to be made to determine which level is better and specifically how much better it is. In this study, since each parameter has three levels except injection speed which has two levels the total degrees of freedom (DOF) for the parameters are equal to 11. Basically, the degrees of freedom for the OA should be greater than or at least equal to those for the process parameters. Therefore, an L 18 (2 1 × 3 7 ) orthogonal array with eight columns and eighteen rows was appropriate and used in this study. The experimental layout for the injection moulding parameters using the L 18 OA is shown in Table 2 . Each row of this table represents an experiment with different combination of parameters and their levels. However, the sequence in which these experiments are carried is randomized. The last two columns of the OA are left empty for the error detection of experiments. 
C. Procedure for measuring shrinkage of the plastic tray
Plastic trays were produced from the plastic blend on the Battenfeld TM750/210 injection moulding machine as per the experimental plan shown in Table 2 . Immediately after manufacturing each tray, its original length (dimension in x-direction) and width (dimension in y-direction) were measured with the help of Mitutoyo Linear Height 600 (accuracy ± 0.001 mm) instrument. Subsequently, these two dimensions were also measured after keeping the tray at an ambient temperature for 24 hours.
The difference between original dimensions and the dimensions after 24 hours indicated the amount of shrinkage that took place in the length and width of the tray. The total shrinkage occurred in the dimension of the tray for each experiment was calculated by adding the length and width shrinkages. The dimensional stability of the plastic trays is related to their shrinkage behavior and that is why shrinkage was considered as a response variable/output characteristic in this study. Less shrinkage means high dimensional stability and vice-versa. It should be noted that the length and width were measured at two extremes and middle of the tray and consequently, three values of shrinkage in length and width were obtained and then average shrinkage was computed. Figure 1 shows the length and width of the tray. 
D. Signal to Noise Ratio (S/N)
The signal to noise ratio (S/N ratio) was used to measure the sensitivity of the quality characteristic being investigated in a controlled manner. In Taguchi method, the term 'signal' represents the desirable effect (mean) for the output characteristic and the term 'noise' represents the undesirable effect (signal disturbance, S.D) for the output characteristic which influence the outcome due to external factors namely noise factors. The S/N ratio can be defined as [12] : S/N ratio, η = -10 log (MSD)
(1) where, MSD :mean-square deviation for the output characteristic.
The aim of any experiment is always to determine the highest possible S/N ratio for the result. A high value of S/N implies that the signal is much higher than the random effects of the noise factors or minimum variance. As mentioned earlier, there are three categories of quality characteristics, i.e. the-lower-the-better, the higher-the-better, and the-nominal-the-better. To obtain optimal moulding performance, the-lower-the-better quality characteristic for shrinkage must be taken. The mean-square deviation (M.S.D.) for the-lower-the-better quality characteristic can be expressed as [12] :
where, n :number of repetitions or observations i y : the observed data. Table 3 shows the experimental results for total shrinkage and the corresponding S/N ratio using Eqs. (1) and (2) . Since the experimental design is orthogonal, it is then possible to separate out the effect of each parameter at different levels. For example, the mean S/N ratio for the melting temperature at levels 1, 2 and 3 can be calculated by averaging the S/N ratios for the experiments 1-3 and 10-12, 4-6 and 13-15, and 7-9 and 16-18, respectively. The mean S/N ratio for each level of the other parameters can be computed in the similar manner. The mean S/N ratio for each level of the parameters is summarized and called the S/N response table for total shrinkage (Table 4) . Figure 2 shows the S/N response graph for total shrinkage. As shown in Eqs. (1) and (2), the greater is the S/N ratio, the smaller is the variance of total shrinkage around the desired (the-lower-the-better) value. However, the relative importance amongst the parameters for total shrinkage still needs to be known so that optimal combinations of the parameter levels can be determined more accurately. This will be discussed in the next section using the analysis of variance. 
S/N Graph for Shrinkage Test

E. Analysis of Variance (ANOVA)
The purpose of the analysis of variance (ANOVA) was to find which parameters significantly affected the quality characteristic. The total sum of square deviation, SS T can be calculated using [12] :
where, n is the number of experiments in the orthogonal array, y i is the total shrinkage of ith experiment and C.F. is the correction factor. C.F was calculated as [12] :
where, T is the sum of all total shrinkage.
The total sum of square deviations, SS T was decomposed into two sources: the sum of squared deviation, SS d due to each process parameter and the sum of square error, SS e . The percentage contribution, P by each of the process parameter in the total sum of square deviation, SS T was a ratio of the sum of square deviation, SS d due to each process parameter to the total sum of square deviation, SS T .
Statistically, there is a test called F-ratios (variance ratio) to see which parameters have significant effects on the quality characteristic of plastic tray. For performing the F test, the mean of square deviation, SS m due to each process parameter needs to be calculated. The mean of square variations, SS m is equal to the sum of square deviation, SS d divided by the number of degree of freedom associated with the process parameters. Then, the F value for each process parameter is simply the ratio of the mean of square deviation, SS m to the mean of square error, SS e. Table 5 shows the results of pooled ANOVA for the shrinkage test. The F-ratios were obtained for 95% level of confidence. In addition, percentage contribution of each parameter was also calculated. The melting temperature was the most significant factors that contributed maximum to the total shrinkage of the tray. The contribution from these parameters were melting temperature (52.4%), holding pressure (3.6%), holding time (0.9%) and cooling time (6.9%). Thus, based on the S/N ratio and ANOVA analyses, the optimal combination of parameters and their levels for achieving minimum shrinkage is A 2 B 3 C 2 D 1 E 1 F 3 i.e. injection speed at level 2, melting temperature at level 3, injection pressure at level 2, holding pressure at level 1, holding time at level 1, and cooling time at level 3.
F. Confirmation Test
The confirmation test is used to verify the estimated result with the experimental results. If the optimal combination of parameters and their levels coincidently match with one of the experiments in the OA, then the confirmatory test is not required. Estimated value of the total shrinkage at optimum condition was calculated by adding the average performance to the contribution of each parameter at the optimum level using the following equations [12] : 
n T m = (6) where m is the average performance, T is the grand total of average total shrinkage for each experiment, n is the total number of experiments and m Aopt is the average total shrinkage for parameter A at its optimum level, m Bopt is the average total shrinkage for parameter B at its optimum level, m Copt is the average total shrinkage for parameter C at its optimum level, m Dopt is the average total shrinkage for parameter D at its optimum level, m Eopt is the average total shrinkage for parameter E at its optimum level and m Fopt is the average total shrinkage for parameter F at its optimum level.
Confirmation test was required in the present study because the optimum combination of parameters and their levels i.e. A 2 B 3 C 2 D 1 E 1 F 3 did not correspond to any experiment of the orthogonal array.
One tray at the optimal combination of parameters and their levels i.e. A 2 B 3 C 2 D 1 E 1 F 3 was produced on the same injection moulding machine and from the same material. Shrinkage of the tray was measured in the same way as discussed in section 3.3. The value of total shrinkage obtained from the experiment was compared with the estimated value as shown in Table 6 . From Table 6 , the difference between estimated and experimental result is found to be 0.0239 cm. This shows that the experimental result is strongly correlated with the estimated result Table 5 , it is observed that the injection speed is one of the least significant factors to influence the dimensional stability of the plastic tray. Therefore, only five remaining factors were considered in the design of experiments with interaction. Among these factors, injection pressure was considered to interact with melting temperature and holding pressure. Two levels of each factor were considered. L 8 Orthogonal Array was used in this case. Eight plastic trays were produced and their shrinkage was measured as per the details outlined in section 3.3. Table 7 shows the injection moulding parameters and their levels. Table 8 displays the assignment of factors and interactions to the columns of the OA 1  1  1  1  1  1  1  1  2  1  1  1  2  2  2  2  3  1  2  2  1  1  2  2  4  1  2  2  2  2  1  1  5  2  1  2  1  2  1  2  6  2  1  2  2  1  2  1  7  2  2  1  1  2  2  1  8  2  2  1  2  1  1  2   Table 9 shows the experimental results for total shrinkage and the corresponding S/N ratio using Eqs. (1) and (2) and Table 10 shows the mean S/N ratio for each level of the parameters. Figure 3 shows the S/N response graph. To determine whether the interaction is present, a proper interpretation of the results is necessary. The general approach is to separate the influence of an interacting member from the influences of the others. In this case, A x B and B x C are the interactions with C common to both.
The value of A 1 B 1 is first found from the results that contains both A 1 and B 1 . It may be noted that the value of A 1 B 1 is not the same as the average value at level 1 (Table 10) for interaction (A × B) assigned to column 3 in Table 8 . This value is (A × B) 1. In this analysis interaction column, i.e., columns 3 and 6 are not used. Instead columns of Table 8 which represent the individual factors are used. Examination of column 1 shows A 1 is contained in rows (test drive) 1, 2, 3 and 4 but B 1 is in test drive 1, 2, 5, and 6. Comparing the two, the rows that contain both A 1 and B 1 are 1 and 2. Therefore, A 1 B 1 comes from the results of test drive 1 and 2.
The average effect of 
A. Analysis of Variance (ANOVA)
The ANOVA was used to find out the parameters that significantly affected the quality characteristic of the plastic tray. Besides that, the contribution of each parameter was also determined. Table 11 shows the results of pooled ANOVA.
F-ratios were obtained for 95% level of confidence. In addition, percentage contribution of each parameter was also calculated. The injection pressure, holding time and cooling time were the significant factors that contribute to the total shrinkage of the tray. The suspected interaction between factors B and C was not found. However, the interaction between A and B did exist since its contribution is 2.42%.
The contributions of parameters were injection pressure (10.49%), holding time (71.45%) and cooling time (9.77%). Based on the S/N ratio and ANOVA analyses, the initial optimal combination of parameters and their levels for achieving minimum shrinkage is A 2 , B 2 , C 1 , D 2 , E 2 i.e. melting temperature at level 2, injection pressure at level 2, holding pressure at level 1, holding time at level 2, and cooling time at level 2.
To re-examine the initial optimum condition, it is suggested to refer figure 4(a) which shows A 1 B 2 has a higher value than A 2 B 2 . Thus, the optimum condition includes levels A 1 and B 2. The new optimum conditions become A 1 , B 2 , C 1 , D 2 and E 2 . However, the performance at the new (revised) optimum should be compared with the original (initial) optimum before the final determination of the interaction effect. Consider the initial optimum which excluded the effects of the interaction (A 2 , B 2 , C 1 , D 2 and E 2 ).
The estimated shrinkage at this optimum condition was computed following the procedure given in section 3.6 and it was found to be 0.1543 cm. Similarly for the revised optimum, considering interaction, the estimated shrinkage at optimum condition (A 1 , B 2 , C 1 , D 2 and E 2 ) was found to be 0.1462 cm.
This shows that the revised optimum yields a smaller value (the-smaller-the-better) of shrinkage, and thus it confirms that the revised optimum is better. It may be noted that when the estimate of the performance at the optimum condition includes the interactions between A and B, the net result is obtained from the combined effect of 
B. Confirmation Test
Confirmation test was carried out because the optimum combination of parameters and their levels i.e. A 1 B 2 C 1 D 2 E 2 in the present study did not match any experiment of the orthogonal array. The plastic tray at optimal combination of parameters and their levels was produced and its total shrinkage was measured. The estimated value of the total shrinkage at optimum condition was also computed. Table 12 shows a comparison between the estimated value of total shrinkage at optimum condition and the experimental value. A small difference (0.006 cm) can be observed between these values. This indicates that the experimental value is close to the estimated value. Therefore, this verifies that the experimental result is highly correlated with the estimated result. 
V. CONCLUSIONS
From the analysis of the results in injection moulding of plastic tray produced from the blend of 75% polypropylene (PP) and 25% low density polyethylene (LDPE) using the Taguchi approach, the following can be concluded from the present study:
Optimum parameters without interaction effect:
• The optimum conditions are A 2 , B 3 , C 2 , D 1 , E 1 , F 3 i.e.
injection speed (90 %rpm), melting temperature (240°C), injection pressure (110 bar), holding pressure (96 bar), holding time (5 sec), and cooling time (10 sec).
• The optimum total shrinkage is 0.1645 cm • Melting temperature is the most significant parameter while injection speed is the insignificant parameter.
• The contribution of parameters is melting temperature (52.4%), holding pressure (3.6%), holding time (0.9%) and cooling time (6.9%). Optimum parameters with interaction effect • The optimum conditions are A 1 , B 2 , C 1 , D 2 , and E 2 i.e. melting temperature (220°C), injection pressure (120 bar), holding pressure (80 bar), holding time (10 sec), and cooling time (10sec).
• The optimum total shrinkage is only 0.1521 cm • Interaction between melting temperature and injection pressure is higher than the interaction between holding pressure and injection pressure. It implies that lowering the melting temperature and simultaneously increasing the injection pressure will result in smaller shrinkage.
• The suspected interaction between factors injection pressure and holding pressure is not found whereas; the interaction between melting temperature and injection pressure does exist.
• The contributions of parameters are injection pressure (10.49%), holding time (71.45%) and cooling time (9.77%).
